Introduction
Nuclear particle accelerators are the sources of the particles whose properties and m utual interactions it is the concern of elementary particle physics to explore and understand. These machines have gained a certain notoriety because of their size and cost and the complicated engineering they involve, but for this audience I believe th a t the physical principles underlying their construction will be of more interest, and these can best be explained by tracing the development of particle accelerators over the past 30 years. Table 4 lists the elementary particles, from which it may be seen th a t only electrons and protons and their antiparticles are both charged and stable and can therefore be accelerated by electric fields to high energies. The other particles are produced by bombarding a material target with these high-velocity electrons or protons. The types of particles which may thus be created depend on the energy available in the centre-of-mass system of the incoming particle and the nearly stationary target nucleus. Table 5 shows the threshold energies for the production of some of these particles for the case of nucleon-nucleon collisions; in the collision of an accelerated proton, for example, with one in a target. I t may be seen th a t a few 7r-mesons are produced when protons of 140 MeV strike a ta rg e t; but to produce copious beams of 7r-mesons, proton energies of 400 to 600 MeV are necessary. Similarly, proton-antiproton pairs are produced a t threshold by 4 GeV protons hitting a target, while beams of antiprotons and antineutrons with workable intensities require 6 GeV protons. All the hyperons and antihyperons can be produced by machines accelerating protons to 7 or 8 GeV; and machine giving protons of energy > 20 GeV produce intense beams of these particles. Figure 5 shows how the energy of accelerated protons and electrons has increased since 1932. Let us follow the two curves for these particles, starting with protons, noting the development of the machines used to accelerate them.
J . B . A dam s (D iscussion M eeting)
After the Cockcroft-Walton accelerator, which is essentially a linear highvoltage machine and therefore limited by electrical breakdown along the acceler ating column, it was realized by E. 0 . Lawrence in Berkeley th a t the acceleration of particles in circular paths for many hundreds of revolutions would enable high energies to be reached without the use of high electric fields. Charged particles can be made to move in circular paths by magnetic fields transverse to the direction of motion of the particle. The motion is periodic and the particles can therefore be accelerated by applying alternating frequency electric fields along the direction of motion, which it will be convenient to refer to as the R.F. field. The R.F. frequency must be chosen to synchronize with the natural rotation frequency of the particles in the magnetic field. For magnetic fields of about 10 kG the rotation frequency of protons is about 15 Mc/s. The path of a proton in these machines, called cyclotrons, is a flat spiral for the particles as they gain energy move out to greater and greater radii in the magnetic field which is held constant in time and space. Another essential feature is th a t throughout the volume traversed by the accelerating particles, all air molecules m ust be removed or the particles would lose energy by collisions with gas molecules. Finally, the spiral paths are very long, and some means of holding the particles together, or focusing them, m ust be maintained over the entire path length. This is done by shaping the magnetic field as shown in figure 6 . A slight fall-off of magnetic field with radius will give focusing in the axial direction, owing to the curvature of the field lines, and a limit for focusing in the radial plane is reached when the fall-off of magnetic field with radius is such th a t particles of the same energy can move in Nuclear particle accelerators orbits of different radii. For focusing in both planes, therefore, the limits on the fall-off of magnetic field with radius can be summarized as 0 < n < 1, where
Transverse to their direction of motion, the particles in this focusing field oscillate a t frequencies given by
where f r,fz are the oscillation frequencies in the radial and axial directions, respectively, and f 0 is the rotation frequency. At energies of about 50 MeV, the circulating protons attain velocities which, although only a small fraction of the velocity of light, are such th at relativistic effects begin to affect the acceleration mechanism. The rotational frequency of a charged particle in a magnetic field is given by f _ v r//# , em f = constant x ,
20-2 (5)
where the constant is 1*43 x 1012 if the magnetic field B is in gauss, and the kinetic energy, E k, of the particle, and its rest energy, are in electron volts (eV). At low energies E0 > E k and hence, with B constant, the frequency of rotation is constant and independent of the radius of rotation. As the energy increases and E k grows larger compared with E0, the rotational frequency falls. Since cyclotrons work a t a fixed R.F. frequency, the particles get out of step with the alternating field and no further acceleration is possible. The energy limit for practical purposes is about 60 MeV for protons. The obvious way of overcoming this limitation is to vary the R.F. frequency with time-to decrease it as the particles gain energy. At least a few of the particles emitted from the central proton source a t the right moment during the frequency sweep will remain in synchronism with the electric field, providing the frequency of the latter correctly follows the energy of the particles as they are accelerated. Such a device sacrifices the continuous stream of particles provided by the cyclotron and, with the new arrangement, the accelerated particles are produced in a repeated series of short bursts. The idea was first put forward by Oliphant, but McMillan and Veksler were responsible for the notion of 'phase-stability' by means of which the particles pick up the requisite energy per revolution to keep themselves always in step with the accelerating field. If the R.F. frequency is falling with time a t a rate dfjdt, then from equation (5) it can be shown th a t the energy which a particle m ust gain per revolution in order to remain in synchronism with the accelerating field is given by ^ l d ,
where AE is the energy gain per revolution, E is the total particle energy and / the R.F. frequency. Providing th a t the peak accelerating voltage, which has a sinusoidal wave form, is greater than this energy gain per revolution, there is always some phase angle, called the equilibrium phase angle, a t which a particle can ride on the wave form and pick up exactly the correct energy during each revolution. As the frequency is changed during the acceleration cycle, the particle adjusts its equilibrium phase angle to satisfy equation (6) so th at it always picks up the correct energy. Other particles, over a range of phase angles about the equilibrium phase, oscillate in phase and energy about the equilibrium values, as shown in figure 7 . For example, particles near the crest of the wave form pick up too much energy per revolution and swing out to a greater radius than the equilibrium particle. They take longer to make one revolution than the equili brium particle, gain in phase over the accelerating field, and find themselves sliding down the wave form where they pick up less energy per revolution. Simi larly, particles gaining too little energy per revolution slide up the wave form to gain more, and so particles oscillate relatively slowly, in phase and energy, about the equilibrium values. This phase oscillation is represented in the phase space A E , $ in figure 7 . The phase-stable particles rotate within a phase-stable boundary about the centre of the figure, and outside this boundary particles undergo unstable oscillations and are lost. On each frequency sweep, a bunch of particles is acceler ated to the full energy. The shape of the bunch is like a curved sausage rotating round and round the machine, getting further and further away from the centre as the bunch gains energy. There is no fundamental limit on the energy to which this new type of cyclotron -called a synchro-cyclotron-can accelerate particles. Practical limitations of magnet size and weight, and the range of the frequency sweep required, make synchro-cyclotrons uneconomical above about 800 MeV proton energy. As an example of such a machine figure 16, plate 19, shows a general view of the C.E.R.N. 600 MeV synchro-cyclotron.
So far we have considered accelerating particles in a magnetic field which is constant in time and space, so th a t as particles gain energy they move out in a spiral. If, however, the magnetic field is made to increase in time, from a small value when particles are injected to the maximum field when they reach high energy, it is possible to hold the particle in orbits of nearly constant radius. The magnet in this case is annular and therefore considerably cheaper than th a t of a cyclotron. The same transverse focusing by correctly shaped magnetic fields is used and the same phase-focusing principle applies as in the synchro-cyclotron; but in this new machine, called a synchrotron, the frequency of the accelerating field must be programmed, in precise relation to the magnetic field as it rises during the acceleration cycle, to hold the orbit radius constant. This may be understood as follows.
Particles of a given total energy E rotate in a magnet
where r is in centimetres, B in gauss, and both E = and E0 are in eV (Ek = kinetic energy and E0 the rest energy of the particles). If the magnetic field is increasing with time and r is to be held constant, then the particles must gain steadily in energy. The exact energy A to be gained per revolution may be calculated from equation (5) for a given dB/dt,
where r is the constant radius of the orbit, and B is the magnetic field. kx is equal to 6-3 x 10~8, if A Ei s in eV, r in cm and dBjdt in G/s. This gain in energy from the accelerating field the peak value of which must be larger than A W ith both B and E defined a t all times, the rotational frequency of the particles is consequently defined by equation (5). The frequency of the accelerating field must then be made to equal this rotation frequency throughout the acceleration cycle. Equation (5) can be rewritten as / = /"B /V (B a+S §), where B 0 = EJSOOr is a constant and /«, is the frequency of a particle with a velocity equal to th a t of light orbiting the machine a t radius r. In practice, therefore, the accelerating field frequency is constrained to follow the magnetic field during the cycle, and the peak value of the accelerating field is maintained a t about twice the required energy gain per revolution.
Referring to figure 5 again, the existing proton synchrotrons are the 3 GeV Cosmotron a t Brookhaven, the 6 GeV Bevatron a t Berkeley, and the 9 GeV Synchro-phasotron a t Dubna near Moscow. Other proton synchrotrons are in course of construction as, for example, the 7 GeV machine Nimrod a t the R uther ford Laboratory near Harwell, see p. 424. Cost limitations prevent the building of these machines for energies much greater than 10 GeV. At about the time when synchrotrons for protons of even higher energy were being considered, a new idea for focusing the particles by shaped magnetic fields was pu t forward by Christophilos, Courant, Livingston and Snyder in 1952. Large synchrotrons would be cheaper if the amplitude of oscillation of the particles, in the plane transverse to their accelerated motion, were decreased; for this would reduce the area of magnetic field necessary to contain the particles in the transverse plane, and thence the magnetized volume, and the cost of the magnet. The amplitudes of oscillation may be decreased by increasing the focusing forces, e.g. the curvature of the magnetic field fines, but this is forbidden in a synchrotron by the stability condition 0 < n < 1. The new idea avoided alternating the sign of the gradient of the magnetic field in the radial direction in alternate sectors of the magnet ring as shown in figure 8 . If the magnetic field gradients are now made very high, i.e. > + 1, the particle oscillations will be unstable in each individual sector of the magnet in both the radial or vertical planes. If the magnet sectors are made short enough, however, there can be overall focusing of the particles in both directions despite the defocusing action in those sectors where n is positive, as shown in figure 9 . The stability limits, corresponding to the 0 < n < 1 limits in an ordinary synchrotron, are now more complex and are derived as follows.
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Considering motions in the z-plane, for example, the equations of motion in alternate sectors are where differentiation is with respect to azimuthal angle = 2 7 w here N is the number of magnet sectors round the circumference. In m atrix form, the solutions may be written ( 10) where T+ and T_ are transfer matrices for the n+ and n~ sectors, and
For one complete magnet period
According to Floquet's theorem, the motions are oscillatory, i.e. stable, if trace of Tp 2.
The stability limits, found by putting the trace equal to ± 2, are then cos n*<j) cosh n$<j)
where fiz is the phase shift of the oscillation per magnet period. These limits are illustrated in the nv n2 plane in figure 10 (a) . The magnetic field gradient can now be different in magnitude in alternate sectors, i.e. n can have different values %, n 2 in alternate sectors. Whereas in an ordinary synchrotron, where n is usually chosen to be about 0*2 and there is about one transverse oscilla tion of the particles per revolution (cf. equation (4)), in the new design the alter nating-gradient synchrotron, with much higher focusing forces, there are many transverse oscillations per revolution. I f the n values are such th a t there is exactly an integral number of transverse oscillations per revolution in either the axial or radial directions, then errors in the guiding magnetic field will invoke resonance instabilities and loss of particles from the machine. Further, if the n values are such as to give half-integral numbers of transverse oscillations per revolution, errors in the focusing fields will set off other instabilities and again a loss of particles will result. Corresponding to these instabilities, lines have been drawn on the main stability diagram of figure 10(6). To maintain stable transverse oscillations of the particles throughout the acceleration period, the n values m ust be held within the shaded area shown in figure 10(c) and ( ). In fact there are many other lines of instability crossing the diagram due to coupling between the radial and axial oscillations and to non-linear effects, but they are complicated and need not be described here.
Turning now to the oscillations of the particles in energy and phase during the acceleration cycle, the motions are again different from those in any ordinary synchrotron where a change in momentum of the particles simply displaces their orbits in radius so th a t .
In an alternating synchrotron a simple displacement is not possible, since par ticles of, say, higher momentum seek to be displaced equally but oppositely in alternate sectors, as shown in figure 11 . The displaced orbit th a t they actually follow is undulating and the mean displacement of this orbit from the equilibrium orbit for a given momentum change is given by
where M is called the 'momentum compaction factor '; in typical cases, M has the value 0*027. These considerations show th a t not only are the amplitudes of the transverse oscillations of particles considerably reduced by the stronger focusing of the alter nating gradient synchrotron; in addition, the radial excursions of particles during a phase oscillation are reduced by a factor of 40. The total radial excursions of particles, due to the addition of these two oscillation amplitudes, together with other radial excursions arising from non-circular orbits in the machine caused by imperfec tions in the magnetic guiding field, must be contained in the radial width of the vacuum chamber, and the magnet field m ust extend over this width. Whereas the momentum oscillations are confined to the radial plane, the total vertical excursions of the particles are due to transverse oscillations and non-flatness of the median Nuclear particle accelerators plane of the magnetic field, caused by field errors, and are less than the radial excur sions. These excursions, the shape of the vacuum chamber, and the pole-pieces of the magnet, are shown for the C.E.R.N. proton synchrotron in figure 12 . An ordinary synchrotron for this energy would need a vacuum chamber several yards wide and a few feet high. The saving in magnet weight can be appreciated by comparing the weight of the 9 GeV Dubna synchrotron magnet, 36 000 tons, with th a t of the 28 GeV C.E.R.N. A.G. synchrotron, 3000 tons, especially since the latter machine accelerates protons to three times the energy of th a t a t Dubna and is therefore three times larger in radius. All these advantages are realized a t the cost of high precision in construction. To ensure th a t the mean orbit of the particles lies in a plane and is a true circle, the field errors between the magnet sectors must be less than 1 p art in 104; and the alinement of magnet sectors must be such th a t displacements are less than 1 part in 105 of the radius of the machine (i.e. < 1 mm in 100 m for the C.E.R.N. machine). The magnet sectors must of course remain truly in place at all times and a very stable foundation is therefore necessary for the machine.
The correspondence between the R.F. frequency and the rising magnetic field must be very precise; an error, A///, of a few parts in 105 will, in general, give radial displacements of the particles of about a centimetre. This problem is solved by locking the R.F. frequency to the revolution frequency of the particles by means of a servo system in which a signal derived from the circulating bunches of protons is used to set the phase of the R.F. frequency. Another servo system senses errors in the radial position of the bunches in the machine and varies their equilibrium phase angle to keep them at the centre of the vacuum chamber throughout the acceleration cycle. As a result of this 'phase-lock' system, all the low-energy particles injected into the machine are accelerated to full energy without loss, and the bunches stay centred in the vacuum chamber to within about 1 mm throughout the cycle, during which the particles travel a distance of 300 000 km, nearly as far as the journey from the earth to the moon.
A new problem arises with A.G. machines concerned with phase stability. I t has been explained how particles oscillate stably, both in phase and energy, about the equilibrium values during acceleration. Figure 7 showed this phase oscillation with the stable phase range on one side of the wave form owing to particles swinging in or out in radius and taking shorter or longer times to complete a revolu tion, compared with the equilibrium particle. In fact there are two competing effects which determine the length of the revolution time as a function of energy; not only do particles travel round orbits which are longer or shorter in circum ference but, due to their energy differences, they also go faster or slower than the equilibrium particle. The two effects can be summarized as
where T is the revolution time of the particle, L is the orbit circumference, and v the particle velocity. In an ordinary synchrotron AL /L > Avjv, and this deter mines the side of the wave form which gives phase stability. In an A.G. synchro tron, owing to the momentum compaction, the radial shift of a particle for a given energy increase is very small. A t the beginning of the acceleration cycle,
Av/v >
and the stable phase angle is consequently on the other side of the wave form from th a t shown in figure 7. As the particles gain energy, however, and their velocities approach th a t of light, Av/v decreases and a t a critical energy called the 'tra n sition energy' Av/v = A L /L .At this energy phase the transition energy is passed, the stable phase angle is on the opposite side of the wave form. Hence the phase of the R.F. frequency m ust be shifted by about 60° a t the transition energy, and this m ust be done without losing any particles from the bunches.
There are two almost identical A.G. synchrotrons now operating in the world, the A.G.S. a t Brookhaven and the C.P.S. at C.E.R.N., Geneva, both accelerating particles to about 30 GeV (see figure 5) . Again there is no fundamental limit to the energy to which this type of machine can accelerate protons and much higher energies can be contemplated (see Johnsen, this discussion, pp. 439-451).
Returning to figure 5 but now to electron accelerators, the synchrotrons, both ordinary and alternating gradient as used for proton acceleration, can equally well be adapted for electrons, with changes in the parameters due to the different rest energy of the two particles. The difference in rest energy brings into promi nence, however, one effect which is negligible for proton accelerators even in the multi-GeV range, but which is very serious in cyclic electron accelerators. A charged particle circulating in a magnetic field emits electromagnetic radiation and the energy radiated per turn is, For electrons JcJ E q -88*5 if V is in eV per turn, E in GeV and r in metres. Un fortunately, as can be seen from equation (17), the energy radiated increases as the fourth power of the ratio of the particle's total energy to its rest mass, and in high-energy electron synchrotrons most of the energy imparted by the accelerating system is lost by radiation when the particles have reached a few GeV. Conse quently powerful accelerating systems are required and this limits the energy to which electron synchrotrons can be designed in practice. The Cambridge (Mass.) Electron accelerator (C.E.A.), for example (see figure 5), radiates over 4MeV/ turn when the electron energy is 6 GeV. The power required in the accelerating system to compensate for this loss and still to accelerate the electrons in the 6 GeV energy range is \ MW.
Electrons can, however, be accelerated to much higher energies than 6 GeV by linear accelerators in which this problem does not arise. The largest example of such a machine currently under construction is the 2 mile long Linac at Stanford University, the principle parameters of which are given in table 6. The accelerating field for these linear accelerators is produced in wave-guide cavity resonators operating a t about 3000 Mc/s, the particles being accelerated by passing through many hundreds of these cavities in series. The R.F. power requirements are for midable, but fortunately klystrons are now available which give 20 MW of power in pulses of a few microseconds duration. At 40 GeV energy, the Stanford electron Linac needs nearly 1000 of these tubes developing a total pulse power of (17) 23 x 109 W. Owing to the limited lifetime of the klystrons, a valve factory is needed in continuous operation at the machine to refurbish up to twelve klystrons per day to keep the machine in continuous operation. The limitations in the construc tion of high-energy linear accelerators for electrons are therefore mainly of a practical and economic nature. For an idea of the scale and complication of these machines, one of the two largest A.G. proton synchrotrons in the world-the C.E.R.N. proton synchrotron, may be briefly considered.
The protons generated in a source by ionizing hydrogen gas are first accelerated to 500 keV in a high-voltage column, the tension being supplied by a CockcroftWalton generator (see figure 17, plate 19) . The emerging proton beam is then in jected into a proton linear accelerator (see figure 18 , plate 20) which, in three stages, accelerates the particles to 50 MeV. A system of bending and focusing magnets analyses the 50 MeV proton beam and carries it to the synchrotron itself where it is finally injected by an electrostatic system (see figure 20 , plate 21). The pulse of protons from the linear accelerator is made to last long enough to ensure th a t the whole circumference of the synchrotron is filled with protons, the linear accelerator and injector system then being switched off until the next pulse. The magnetic field of the synchrotron magnet a t injection is about 140 G. The magnets of the synchrotron, called units, of which there are one hundred, are mounted on a concrete foundation ring which floats in the horizontal plane in order th a t rock movements do not distort the alinement a t any time (see figure 13) . Alinement tolerances in the vertical and horizontal planes are about 1 mm. The foundation ring is supported on eighty columns cast in the bedrock under the site; and the magnets and foundation ring are housed in a temperature-controlled annular tunnel covered with earth and concrete to protect personnel from the intense radiations from the machine. The magnetic field of the synchrotron rises in 1 s to about 14 kG, and during this time 16 R.F. cavities, arranged around the machine between the magnet units, accelerate the protons to 25 GeV. The magnetic field then falls to zero again in 1 s and the cycle repeats every 3 s. The magnet is fed by a flywheel generator and a rectifier-inverter set giving 27 MVA, bu t since the reactive power is fed back to the flywheel after each cycle, the mean dissipation is about 2 MW. An R .F. cavity and some of the magnet units are shown in figure 20 , plate 21. The cavities work on the 20th harmonic of the proton revolution frequency and therefore, instead of one sausage-like bunch of protons circulating in the machine, there are in fact 20. Figure 14 shows a plan of the whole machine, the 200 m diameter tunnel and magnet units and the location of the components mentioned above. Finally, the beam of protons at full energy hits a target and produces beams of secondary particles-mesons, hyperons and antiparticles. Two main experimental areas are provided, the South Area (see figure 15 ) which came into use early in 1960, just after the machine worked, and an East Area, intended for experiments with the large hydrogen bubble-chamber which comes into use this year. The whole machine took 7 years to design and build and it cost about £10 M. The A.G. synchrotron is a most flexible and precise instrument, and to conclude it will be appropriate to show how such a machine is used to produce beams of elementary particles for experiment.
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The proton beam in the C.E.R.N. machine consists of tw enty bunches rotating round the machine with a revolution time of 2*1 x 10-6 s at a velocity 99-93 % of <-circulatory beam current particle output th a t of light. Each bunch passes a given point in about 10~8 s and the bunches are separated in time by about 10~7 s. The transverse size of the bunches is about 6 mm in diameter and the radial position of the bunches in the vacuum chamber can be set to a few tenths of a millimetre. The energy spread of the protons in each bunch is about ±15 MeV a t 25 GeV mean energy. About 70 to 80 mA of protons from the ion source is injected into the linear accelerator from the 500 keV Cockcroft-Walton accelerator and about half of these particles emerge from the linear accelerator a t an energy of 50 MeV. The synchrotron itself accepts about 70 % of the output of the linear accelerator and all those particles accepted are accelerated to full energy ( figure 21, plate 22) .
Thus the machine produces between 5 and 6 x 1011 protons each pulse at full energy. There are signs th a t space-charge effects at injection will not allow much more than 1012 protons per pulse to be accelerated. At 25 GeV final energy the machine gives one pulse every 3 s and a t 28 GeV energy, which is the maximum energy of the machine, it can give one pulse every 5 s. At energies below 11 GeV, however, one pulse can be produced every second and the intensity a t these energies is then 5 to 6 x 1011 protons per second.
The accelerated protons are made to fall on stationary targets and at such high energies two factors determine the nature of the targets used. At 25 GeV energy, protons lose about 125 MeV by ionization processes in a target before making a nuclear collision. Owing to the high momentum compaction factor, this energy loss gives a displacement of the equilibrium orbit of the particles of only 1*5 cm, which can easily be contained inside the vacuum chamber. Further, in one nuclear mean-free path, the multiple scattering of protons of this energy, in targets made from the light elements, gives an amplitude of transverse oscilla tion of the protons of only 3 cm which again is well inside the vacuum chamber dimensions. Targets can therefore be small and thin, and the proton beam can be allowed to circulate round the machine many hundreds of times, each time passing through the target until all the particles have made a nuclear collision. The efficiency of such targets is high, since very few protons are lost during the mean nuclear collision time, and the small size of the targets makes them ideal for sophis ticated beam-optical systems used to analyse and separate the secondary particles.
The length of the burst of secondary particles required from the target by different experiments has led to the development of two different target systems. Bubble chambers and similar instruments for recording the tracks of particles demand short bursts of particles emitted during a time of about 1 ms, and in general only a small fraction of the circulatory proton beam is needed for each burst. The size of the source of the secondary particles, i.e. the target size, should be small, about 10 sq. mm in area.
A simple system which partially satisfies these requirements is a narrow finger target which sweeps across the circulating beam (the upper target in figure 22 , plate 22). The fraction of beam intercepted by such a target is roughly A /tvL, where A is the target area, w idth x thickness, typically 1 mm x 0-2 mm; r is the proton revolution time, 2T p,s; v is the velocity of swe 50 m/s; L is the absorption length of protons in the target material, e.g. 30 cm in aluminium. For these values about 1 % of the beam is used and the pulse length, which is simply the beam diameter divided by the finger velocity is about 0-2 ms. The system is not ideal because the precise position of the source of second ary particles moves as the finger crosses the beam.
A better solution is to use a fixed target and to bring the edge of the beam to this target. One way of doing this is to increase the amplitude of the transverse oscillations of the protons in the beam, i.e. increase the cross-section area of the beam, by deliberately exciting these oscillations with a transverse magnetic field whose frequency is an harmonic of the transverse oscillation frequency. For example, a magnetic field about 1 m long of 30 G, oscillating a t 600 kc/s, will cause the amplitude to grow by 2 cm/100 p,s. The disadvantage with this method is th a t most of the circulating beam is thus expended. Instead of bringing the beam to the target by increasing the amplitude of transverse oscillation of the beam particles, the equilibrium orbit may be deflected towards the target a t a deter mined rate by means of two bending magnets located a t points in the main ring half a transverse oscillation wavelength apart. If these bending magnets are pulsed quickly on and off a short beam pulse is produced.
Finally, very short pulses can be produced by a kicker magnet 80 cm long producing a transverse magnetic field of 2 kG for a time of 0*1 to 2 /xs. Since the bunches in the beam are spaced in time by 0* 1 /xs, such a kicker magnet can flick one or more of the circulating bunches on to a fixed target, so producing pulses as short as 10~8 s.
Other experiments involving particle counters instead of track chambers need very long pulses of secondary particles in which all traces of the bunch structure of the beam have been removed. The target systems for such long pulses call for the magnetic field of the synchrotron to be held a t a constant value during the length of the pulse. The guiding magnetic field of the accelerator rises nearly linearly in about 1 s and for these target systems it m ust be held a t its peak value for times up to ^ s before falling again to zero. The bunch structure of the beam can then be removed by switching off the R.F. so th a t the bunch structure is lost and the particles disperse round the machine. W ith the typical energy spread in the bunches of + 15 MeV, it takes about 10 ms for the particles to dis tribute themselves uniformly round the orbit.
A simple way of producing a long pulse is to use multiple traversals of the circulating particles through a thin-foil target which is erected outside the beam a t the end of the accelerating cycle. A t this time the accelerating field is switched off to allow the beam to de-bunch, and the guiding magnetic field of the accelerator, which by then has reached its maximum value is allowed to fall very slightly with time, so causing the equilibrium orbit of the particles to drift slowly out wards in radius. As the edge of the beam encounters the foil target the protons begin to lose energy due to ionization losses in the target and their equilibrium orbit tends to move inwards in radius. The longest pulses are therefore obtained by balancing the outward drift of the particles, due to the slow fall in the guiding magnetic field, against the inward drift due to the energy loss of the particles in the target. Even longer pulses can be realized by using a thin wire instead of the foil, since it takes longer for all the particles in the beam to encounter the wire (see figure 22 , plate 22, lower target).
A more elegant target system for long pulses is the servo target. Two pulsed bending magnets, spaced half a wavelength of the transverse particle oscillation apart, bend the equilibrium orbit towards a fixed thick target after the debunching of the beam. The flux of secondary particles from the target is monitored by a counter-system, and a signal is fed back which controls the energizing current of the bending magnets in such a way th a t the intensity of the secondary particle beam is held constant throughout the pulse (see figure 23, plate 22) .
For the fullest utilization of the circulating beam, it is economic to employ many targets, operating either simultaneously or one after the other, towards the end of the accelerating cycle. By programming the operation of these targets it is now customary to use, for example, a few parts per cent of the beam in short bursts for several bubble-chambers, and the remainder of the beam for counter experiments needing long pulses. The beams can also be produced a t different energies during the accelerating cycle, and from targets placed a t different posi tions round the machine.
For some experiments, especially those involving very short-lived particles or re quiring special beam optics, it is necessary to eject the circulating proton beam so th a t the particles hit a target outside the machine. The fast kicker magnet de scribed earlier can push the bunches of the beam into a fixed magnetic channel through which they can escape the guiding field of the synchrotron and reach an external target. I t is believed th a t it will be possible to eject the whole internal beam from the machine by this system in about 2 fxs, the revolution time of particles in the machine, and th a t the efficiency of ejection will be nearly 100 %. A slow ejector-system has also been developed, using the Coulomb scattering of the circulating protons by a wire target in the machine, to increase their transverse oscillations so th a t some of them enter a fixed magnetic channel and escape from the machine. The ejection efficiency of this system, however, is likely to be only about 10 %.
The secondary beams generated by nuclear collisions in the targets consist of many types of elementary particles of various energies, almost all em itted in a cone of about 5° angle from the target about the direction of impacting protons. These beams must be transported from the targets to the measuring equipment, the different types of particles must be sorted out, and their energies selected for the different experiments. The physical distance between target and measuring equipment may be of the order of 100 m and over these distances the secondary particles must be held together in a beam by the focusing action of quadrupole magnets.
Energy selection is usually effected by bending magnets and collimating slits. At such high energies the bending magnets are many tens of metres long, and collimating slits many metres thick. Particle separation is particularly difficult a t high energy, since all the particles, irrespective of rest mass, are moving a t very nearly the velocity of fight and the differences in their total masses are very small. Crossed magnetic and electric fields are used for particle separation, b u t the electric fields must be as high as electrical breakdown will permit, and the length of the separators is typically 30 m.
As many as six or more complete 'beam -transport' systems are set up a t any given time and they often remain in use for several months. Large areas of experimental halls are covered by the experiments (see figure 15 and figure 24 , plate 21), and the power consumption of the bending and focusing magnets greatly exceeds th a t of the accelerator itself. At C.E.R.N., for example, the instal led capacity for the experiments is 20 MW against the accelerator power load of 2 or 3 MW. The cost of the beam transport systems and the experimental apparatus is comparable with th a t of the accelerator itself; and the annual operating costs of the institutions which employ these very high-energy accelerators are now approaching the total construction cost of the accelerator itself. The budget of C.E.R.N., for example, will reach nearly £10 M per annum in 1966, whereas the C.E.R.N. proton synchrotron cost £10 M to design and build.
